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Asymmetric  electrochemical  capacitor  was  categorized  into  two  types:  a  battery-type 
electrode | capacitor-type  electrode  capacitor  and  a  capacitor- type  electrode | capacitor-type  elec¬ 
trode  capacitor.  When  designing  asymmetric  electrochemical  capacitor,  the  influences  of  both  current 
density  and  the  electrode’s  potential  window  were  taken  into  account.  This  article  analyzed  how 
the  mass  ratio  between  two  electrodes  influenced  the  electrochemical  performances  of  asymmetric 
electrochemical  capacitor.  The  formulas  describing  capacitor  performance  parameters  (work  voltage, 
specific  capacitance,  energy  density  and  power  density)  were  derived  and  applied  to  two  types  of 
asymmetric  electrochemical  capacitors.  Therefore,  the  concrete  relationships  between  mass  ratio  of 
electrodes  and  capacitor  parameters  were  obtained.  The  influence  of  current  density  on  mass  ratio  was 
investigated  with  organic  LiMn204/AC  system  and  others. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Asymmetric  electrochemical  capacitor,  also  called  asymmetric 
hybrid  energy  storage  cell  [1-3],  consists  of  different  electro¬ 
chemical  active  materials  to  construct  its  positive  electrode  and 
negative  electrode.  According  to  the  principle  of  electrochem¬ 
ical  active  materials,  asymmetric  electrochemical  capacitor  can 
be  assigned  into  two  types:  battery- type | capacitor- type  capaci¬ 
tor  and  capacitor-type  |  capacitor- type  capacitor.  The  former  type  is 
composed  of  a  battery-type  electrode  and  a  capacitor-type  elec¬ 
trode.  The  battery-type  electrode  is  made  of  materials  such  as 
lithium  intercalation  component,  Ni(OH)2,  graphite,  etc.  The  lat¬ 
ter  is  composed  of  different  capacitor  materials  with  different 
electrochemical  windows  (ESW)  to  construct  its  electrodes.  The 
capacitor-type  electrode  is  made  of  materials  such  as  activated  car¬ 
bon,  multiwalled  carbon  nanotubes,  conducting  polymer,  etc. 

Owing  to  the  asymmetric  potential  changes  of  electrodes,  an 
asymmetric  electrochemical  capacitor  possesses  a  much  higher 
work  voltage,  larger  specific  capacitance  and  energy  density.  There¬ 
fore,  great  attention  has  been  given  to  it  in  recent  years.  At 
present,  electrodes,  used  in  the  asymmetric  electrochemical  capac¬ 
itor,  involve  a  large  scope  of  electrochemical  materials  with  diverse 
work  mechanisms  and  performance  disparities,  such  as  aqueous 
Mn02/Fe304  system  operating  at  a  work  voltage  of  1.8  V  with 
its  energy  density  of  7  Whkg-1  [4],  aqueous  Mn02 /activated  car¬ 
bon  (AC)  system  at  a  voltage  of  2.2  V  with  its  energy  density 
of  21.0 Wh kg-1  [5],  aqueous  LiMn204  (LMO)/AC  system,  1.8  V, 
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35Whkg-1  [6];  non-aqueous  manganese  oxide-MWNTs  compos- 
ite/MWNTs  hybrid  capacitor,  2.7  V,  32.91  Whkg-1  [7]. 

As  the  result  of  adopting  various  types  of  electrode  materials 
with  different  influence  on  the  overall  performance  of  an  elec¬ 
trochemical  capacitor,  the  matching  effect  between  positive  and 
negative  electrode  appears.  If  electrodes  are  matched  well,  the  over¬ 
all  performance  of  an  electrochemical  capacitor  will  be  improved. 
Otherwise,  its  performance  may  drop  or  the  capacitor  may  be  dam¬ 
aged. 

For  the  matching  problem  of  asymmetric  electrodes,  inves¬ 
tigations  have  been  made  in  recent  years.  An  asymmetric 
electrochemical  capacitor  with  poly( methyl)  thiophene  as  positive 
electrode  and  Li4Ti5012  (LTO)  as  negative  electrode  was  introduced 
by  Pasquier  et  al.  [8].  In  their  research,  the  influences  of  match¬ 
ing  mass  ratio  on  Ragone  plot  and  the  self-discharge  behavior  were 
investigated.  The  limitations  of  energy  density  of  battery/double¬ 
layer  capacitor  asymmetric  cells  were  demonstrated  by  Zheng  [9], 
which  illustrated  that  the  swing  voltage,  specific  capacitance  and 
energy  density  are  functions  of  electrodes’  mass  ratio,  volume  ratio 
and  ion  concentration  of  electrolyte. 

In  this  paper,  the  matching  problem  of  asymmetric  electrodes 
was  discussed  in  detail.  Firstly,  the  influences  of  current  density  and 
electrode’s  potential  windows  were  analyzed,  which  may  be  called 
current  matching  and  potential  matching;  secondly,  some  formulas 
were  developed  during  mathematical  analysis  about  asymmetric 
capacitor,  and  the  relationship  between  mass  ratio  and  capacitor 
parameters  of  two  categories  of  asymmetric  capacitors  was  ascer¬ 
tained,  such  as  work  voltage,  specific  capacitance,  energy  density 
and  power  density.  At  the  same  time,  the  concrete  influences  of 
current  density  on  capacitor  parameters  were  discussed  through 
examples  of  organic  LMO/AC  system  and  others. 
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Fig.  1.  The  schematic  curves  of  specific  capacity  vs.  current  density. 


2.  Analysis  of  electrode  matching 

The  fundamental  of  electrode  matching  which  was  achieved  by 
adjusting  electrodes’  mass  ratio  on  the  basis  of  electrodes’  spe¬ 
cific  capacity  ratio,  is  Coulomb-equation  between  electrodes  during 
charge  and  discharge  processes. 

Battery-type  electrode  and  capacitor-type  electrode  are  termed 
as  ba  and  ca,  respectively;  Q.  (mAh)  and  J  (mA)  are  the  capacity  and 
current  of  a  capacitor,  respectively;  qba  and  qca  (mAhg-1)  are  the 
specific  capacities  of  battery-type  and  capacitor-type  electrodes, 
respectively;^  and  jca  (mAg-1)  are  current  densities  of  battery- 
type  and  capacitor-type  electrodes,  respectively. 

x  is  the  mass  ratio  of  two  electrodes  and  the  capacity  Q.  of  a 
capacitor  can  be  expressed  as: 


mance  and  shortens  cyclic  life.  So  the  content  of  a  battery-type 
electrode  should  be  excessive  on  the  basis  of  calculation  value  of 
capacity  matching  ratio. 

In  view  of  capacity  matching,  the  mass  ratio  is  in  inverse  pro¬ 
portion  to  rated  specific  capacity  ratio  of  each  electrode.  It  can  be 
known  from  Fig.  1  that: 

(1)  When  j  <j0,  qba  -  Qca>  0,  and  qba  -  qca  >  A  q.  The  actual  specific 
capacity  approaches  to  the  rated  specific  capacity  of  each  elec¬ 
trode  material  when  the  current  density  is  lower  and  lower. 


x  _  mba  _  Qca_  _  1  <  1 

~~  rrica  -  qba  -  1  +  A  q/qca 

where,  x  is  the  mass  ratio  of  electrodes  and  the  capacity  match¬ 
ing  is  calculated  at  the  same  current  density  to  each  electrode. 
However,  it  is  actually  the  same  for  each  electrode  except  for 
j  =j0.  When  j  <j0,  mbalmca  <  1.  Current  density  of  a  battery- type 
electrode  is  bigger  than  that  of  a  capacitor-type  electrode.  The 
actual  specific  capacity  of  a  battery-type  electrode  is  thereby 
smaller  than  matching  value  calculated  above.  So  the  content 
of  a  battery-type  electrode  should  be  increased. 

(2)  When  j=j0,  the  specific  capacity  of  each  electrode  is 
the  same.  Therefore,  the  mass  ratio  of  electrodes  is: 
x  =  mta/mca  =  qca/qba  =  l; 

(3)  When  j>j0,  Qba  -  Qca  <  0,  then  x  =  mba/mca  =  qcahba  =  1  +  Aq/ 
qba  >  1.  In  fact,  the  current  density  of  a  battery-type  electrode 
is  smaller  than  that  of  a  capacitor-type  electrode.  Thus,  actual 
capacity  of  a  battery-type  electrode  is  bigger  than  the  capacity 
matching  value  calculated  above. 

2.2.  Influence  of  potential  change  range  on  electrode  matching 

(potential  matching) 


Q  —  mbaQba  —  mcaQca,J  —  ™bJba  ~  mcajca  =>  X  —  —A  _  — —  _  - — 

mca  qba  Jba 

(1) 

Qba, re  and  qCa,re  are  rated  specific  capacities  of  each  electrode  mate¬ 
rial  and  the  capacity  matching  ratio  xre  is  expressed  as: 


Qba, re 

2.1.  Influence  of  current  density  on  electrode  matching  (current 
matching) 

It  should  be  noted  that  the  current  density  (or  current  rate)  at 
which  specific  capacities  of  electrodes  are  the  basis  of  electrode 
matching  is  always  neglected.  However,  it  is  of  significant  impor¬ 
tance.  The  extent  of  capacity  change  of  each  electrode  differs  along 
with  charge/discharge  current,  so  capacity  matching  ratio  xre  is 
not  constant  at  various  charge/discharge  currents.  In  view  of  the 
influence  of  current  density  on  each  electrode  capacity  change,  the 
capacity  matching  may  be  termed  current  matching.  Fig.  1  schemat¬ 
ically  shows  specific  capacity  change  status  of  each  electrode  with 
charge/discharge  current  density.  Specific  capacity  qca  (mAhg-1) 
of  capacitor-type  electrode  is  generally  less  than  qce  (mAhg-1)  of 
battery-type  electrode  at  small  current  density  j  (mAg-1 ).  However, 
the  decrease  of  each  electrode’s  capacity  differs  when  the  current 
density  gradually  rises.  So  here  is  a  crossing  between  two  curves  in 
Fig.  1  at  a  certain  current  density  marked  j0. 

The  charge/discharge  rate  limit  of  a  battery-type  electrode  is 
actually  lower  than  that  of  a  capacitor-type  electrode  and  the 
capacity  of  a  battery-type  electrode  decreases  rapidly  at  a  large 
charge/discharge  rate  (e.g.  LMO),  which  decays  capacitor  perfor¬ 


Current  matching  is  taken  into  account  in  view  of  the  influence  of 
current  density  on  each  electrode  capacity.  It  is  much  more  direct  to 
understand  the  capacity  matching  problem  of  asymmetric  electro¬ 
chemical  capacitor  from  the  point  of  view  of  relationship  between 
capacitor  voltage  and  each  electrode’s  potential,  which  could  be 
called  potential  matching.  In  this  paper,  double-layer  capacitor 
materials  and  Faraday  pseudocapacitive  materials  are  classified  to 
capacitor-type  electrode  materials.  If  the  capacitor  employs  the 
same  capacitor-type  electrode  material  as  its  two  electrodes,  it 
belongs  to  a  symmetric  capacitor. 

Battery-type  electrode’s  potential  keeps  platform  during 
charge/discharge  process,  while  capacitor-type  electrode’s  poten¬ 
tial  changes  linearly  with  charge/discharge  time.  The  latter  is 
considered  as  a  nearly  ideal  polarization  electrode,  e.g.  activated 
carbon.  A  battery- type  |  capacitor- type  capacitor  makes  use  of  a 
battery-type  electrode  to  increase  its  voltage,  energy  density 
and  improve  its  self-discharge  behavior;  meanwhile  it  utilizes  a 
capacitor-type  electrode  to  keep  a  high  power  density  and  a  long 
cyclic  life,  which  can  be  considered  as  the  compromise  of  electro¬ 
chemical  capacitor  and  battery  [10].  Once  electrode  materials  are 
appointed,  capacitor  voltage  range  is  fixed  mainly.  Then,  matching 
mass  ratio  should  be  adjusted  to  accomplish  optimal  performance. 

Capacitor  voltage  can  be  adjusted  accurately  by  regulating 
matching  mass  ratio.  In  terms  of  capacity  matching,  each  electrode’s 
potential  will  accord  with  its  ESW.  As  a  result,  capacitor  voltage  will 
reach  a  peak  value. 

When  the  mass  content  of  a  battery-type  electrode  exceeds, 
that  is  to  say,  if  a  capacitor-type  electrode  is  fully  charged  while 
the  battery-type  electrode  has  not  yet  fully  charged,  as  shown  in 
Fig.  2(a),  the  change  range  of  a  capacitor-type  electrode  potential 
accords  with  its  ESW  and  the  potential  of  a  battery-type  electrode 
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Fig.  2.  The  scheme  of  Galvanostatic  charge/discharge  curves  (a)  excess  of  a  battery- 
type  electrode,  (b)  excess  of  a  capacitor-type  electrode. 


changes  little.  Under  this  condition,  capacitor  voltage  equals  a  peak 
value  approximately. 

When  content  of  a  capacitor-type  electrode  exceeds,  its  potential 
change  range  becomes  narrow  in  the  same  Coulomb  charge  because 
of  its  electric  double-layer  property.  The  battery-type  electrode  can 
be  fully  charged  and  the  capacitor-type  electrode  can  not  be  fully 
charged,  then  the  charge  cutoff  potential  rise  up  from  Vca  min  to 
Vca  as  shown  in  Fig.  2(b).  However,  the  potential  change  range  of 
a  battery-type  electrode  changes  little.  Consequently,  the  capacitor 
voltage  is  lower  than  maximum  value  Vasy, max- 

When  the  capacitor  is  at  work,  both  electrode  potentials  should 
be  controlled  in  each  ESW  and  starting  potential  and  ending  poten¬ 
tial  of  both  electrodes  should  be  dominated  for  avoiding  some 
invalid  charge/discharge  processes.  Otherwise,  the  capacitor  may 
be  damaged.  During  charge/discharge  processes,  the  battery- type 
electrode’s  potential  should  be  held  at  a  platform  value  so  as  not 
to  over-charge  or  over-discharge  and  the  capacitor-type  electrode’s 
potential  should  not  be  too  high  or  too  low,  or  else  some  side  reac¬ 
tions  such  as  electrolyte  oxidations,  lithium  plating,  etc.  Take  the 
organic  LMO/AC  system  for  example. 

Fig.  3  shows  Galvanostatic  charge/discharge  curves  of  organic 
LMO/AC  system.  The  LMO  electrode’s  potential  nearly  keeps  4  V 
(vs.  Li+/Li)  platform.  AC  electrode’s  potential  is  controlled  between 
4  V  and  1 V  (vs.  Li+/Li)  in  Fig.  3(a),  which  is  in  AC’s  ESW.  The  spe¬ 
cific  capacitance  is  140.5  Fg-1,  the  energy  density  is  49.4  Wh  kg-1 
and  the  Coulomb  efficiency  was  95.9%.  In  Fig.  3(b),  the  potential 


Fig.  3.  Galvanostatic  charge/discharge  curves  of  the  organic  LMO/AC  system  (a)  AC 
potential  >1.0  V  (vs.  Li+/Li),  (b)  AC  potential  >0.6  V  (vs.  Li+/Li). 

of  AC  electrode  varies  between  4  V  and  0.6  V,  which  is  out  of  its 
ESW.  The  specific  capacitance  is  104.4  Fg-1,  the  energy  density  is 
45.2  Wh  kg-1,  and  the  Coulomb  efficiency  is  77.3%. 

3.  Calculation  on  the  performance  of  an  asymmetric 
electrochemical  capacitor 

Formulas  describing  the  capacitor  parameters  such  as  cell  volt¬ 
age,  specific  capacitor,  energy  density  and  power  density  were 
derived.  Fig.  4  shows  schematic  potential  and  capacitor  voltage 


Fig.  4.  The  scheme  of  Galvanostatic  charge/discharge  curves  of  an  asymmetric  elec¬ 
trochemical  capacitor. 
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changes  during  charge/discharge  process.  To  simplify  calculation, 

some  assumptions  are  made  as  follows: 

(1)  the  resistance  of  a  capacitor-type  electrode  is  small  to  neglect, 
so  IR  =  0;  the  extent  of  polarization  of  battery- type  electrode  is 
so  mild  that  it  could  be  considered  that  the  charge  platform  is 
the  same  as  the  discharge  platform; 

(2)  the  Coulombic  efficiency  is  close  to  100%; 

(3)  a  capacitor- type  electrode  potential  change  is  linear  and  the 
slope  of  the  charge/discharge  plot  is  constant;  a  battery- 
type  electrode’s  potential  change  little  and  the  slope  of  the 
charge/discharge  plot  is  approximately  zero; 

(4)  only  the  influence  of  electrode  potential  change  and  match¬ 
ing  mass  ratio  on  performance  of  a  capacitor  are  taken  into 
account.  In  other  words,  capacity  of  a  battery-type  electrode  and 
capacitance  of  a  capacitor- type  electrode  vary  little  with  current 
density.  The  influence  of  current  density  will  be  discussed  later. 


capacitance  in  a  capacitor- type | capacitor- type  capacitor  (Cca  <  Cba). 
When  ca  and  ba  electrode  materials  are  determined,  k  is  constant, 
CCalCba  =  k 2,  and  0  <  k  <  1. 

3.2.  Specific  capacitance  of  asymmetric  capacitor 

Casy,av  (F  g-1 )  is  the  specific  capacitance  of  an  asymmetric  capac¬ 
itor  and  it  is  represented  as 

r  =  Casy  (F)  =  _ 1 _ 1  r 

y’  mba  +  mca  1  +  {AVba/AVCa)  1  +(mba/mCa) 

For  a  battery-type | capacitor- type  capacitor,  AVbaIAVca  =  0, 
when  x>xre,  the  content  of  ba  electrode  is  excessive,  CaSy,av  < 
l+^Lca’ 

when  x>xre,  the  content  of  ca  electrode  is  excessive,  j^Cca  < 

Casy,av  <  Q;a* 

From  the  above  formula,  it  can  be  seen: 


Symbols  in  Fig.  4: 

Vba,ds  i^ba,de)  and  Vca>ds  ( Vca4e)  represent  discharge  starting  (end¬ 
ing)  potentials  of  a  battery- type  electrode  ( ba  hereafter)  and  a 
capacitor- type  electrode  (ca  hereafter),  respectively;  Vasy<ds  and 
VaSy4e  represent  the  voltage  range  of  a  capacitor,  namely,  the  differ¬ 
ences  of  discharge  starting  and  ending  potentials  of  two  electrodes. 

3.1.  Capacitor  voltage 


^ asy,ds  ~  i^^ca  +  ^CVba)  +  Vasy,de  (3) 

^asy,de  —  \^ba,de  ~  ^ ca,de\  (4) 

When  electrode  materials  are  confirmed,  Vasy de  is  a  fixed  value. 
For  a  battery-type  | capacitor- type  capacitor,  when  the  mass  content 
of  battery-type  electrode  is  excessive,  x>xre, 


Vasy,ds  ~  AVCa, max  +  AV ba  +  Vasy,de  (5) 

When  the  mass  content  of  capacitor-type  electrode  is  excessive, 
x>xre, 


V, 


asy,ds 


3-6Qba 


X  +  AVba  +  Vasy,de 


*v  |  <_*  r  pQ  |  r  aSy  ( 

Cca 

For  a  capacitor-type  |  capacitor- type  capacitor, 
when  X  >  Xre,  ^asy,ds  =  AVCa, max  f  —  +  1  J  +  V asy,de 


whenx  < 


Xre,  ^ asy,ds  ~  ^^ba, max  (^j^2  +  ^  ^ asy,de 


(6) 


(7) 


(8) 


Flere,  for  the  consistency  of  context,  “ba  (ca)”  is  also  termed  as 
a  capacitor- type  electrode  with  the  comparatively  bigger  (smaller) 


(1)  for  a  battery-type  |  capacitor- type  capacitor,  its  specific  capaci¬ 
tance  is  smaller  than  that  of  its  capacitor- type  electrode; 

(2)  the  more  the  mass  content  of  the  battery-type  electrode 
exceeds,  the  smaller  the  specific  capacitance  of  this  type  of  cell 
is; 

(3)  the  specific  capacitance  of  this  type  of  capacitor  when  the  mass 
content  of  its  capacitor-type  electrode  exceeds  is  bigger  than 
that  of  this  capacitor  when  its  battery- type  electrode  exceeds; 
the  more  its  capacitor-type  electrode  exceeds,  the  bigger  the 
specific  capacitance  of  this  type  of  asymmetric  capacitor  is. 


For  a  capacitor-type | capacitor-type  capacitor,  CaSy,av  can  be 
obtained  by  taking  Eq.  (8)  into  Eq.  (9): 


1 


1 


^ asy,av  : 


-CCa  — 


1 


1  +  (k2/x)  1  +  x  1  +  k2  +  (x  +  (/<2/x)) 


v  x  +  >  2^/x(k2/x)  =  2k  (when x  =  k2/x, 

viz.  x  =  k,  it  gets  minimum) 
whenx  =  k,  (Casy,ay)max  =  — - — ^ Ccc 


1 


'max  (1  +/<)2 


(l/ \fCca  +  1/a 


(10) 


(11) 


(Casy.av)max  is  the  maximum  specific  capacitance  value  of  a 
capacitor-type  |  capacitor- type  capacitor  which  can  be  achieved  at 

x  =  k,  ^ mba/mca  =  \J CCa/ Cba^j . 

When  electrode  materials  are  confirmed,  k  is  constant  and 
matching  mass  ratio  x  is  fixed,  AVba/AVca  =  k2/x  is  known.  In  other 


Table  1 

Values  used  in  calculations,  which  were  either  measured  independently  or  taken  from  literatures. 


Electrolyte 

Electrode  material 

Potential  range  (V) 

Specific  capacity 

Specific  capacitance 

Xre 

(mAhg-1) 

(Fg-1) 

Organic 

LMO 

3.7-4 .3 

120 

0.75 

AC 

3.4-1.0 

90 

135 

Battery-type 
(+)/capacitor-type  (-) 

Organic 

LMO 

AC 

3. 7-4.3 

3.4-1. 8 

120 

53 

120 

0.442 

Aqueous [6] 

LMO 

1.0- 1.2 

80 

AC 

0.2  to  -0.6 

40 

180 

0.5 

Organic 

AC 

3.2-44 

40 

120 

Capacitor-type  (+)/ 

Graphite 

0.3-0.05 

370 

0.108 

battery- type  (-) 

Organic  [11] 

PFPT 

LTO 

3.5- 45 

1.6- 1. 5 

40 

125 

140 

0.312 

Aqueous [5] 

Mn02 

0.47-1.19 

32 

160 

Capacitor-type  (+)/ 

AC 

0.47  to  -0.88 

67.5 

180 

0.474 

capacitor- type  (-) 

Organic  [4] 

£  § 
O  O 

0.5-1.0 

0.5  to  -0.8 

20.8 

27.1 

150 

75 

1.303 
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word,  when  x  is  fixed,  capacitor  voltage  with  maximum  specific 
capacitance  can  be  known.  If  electrode  materials  are  the  same,  it  is 
a  symmetric  capacitor,  that  is,  Cca  =  Cba,x  =  1  and  k  =  1.  Therefore,  the 
specific  capacitance  of  a  capacitor  is  1  /4  of  that  of  one  electrode’s 
specific  capacitance. 

3.3.  Energy  density  of  asymmetric  capacitor 

Easy,av( max)  (Whkg"1)  =  ^ (Fg"1  )VQ2sy  JV2)  (12) 

Easy,av(real)  (Whkg"1)  =  3-< CaSy,av  (Fg’1  )(V2y  .  *  -  V2y  de)(V2) 

(13) 


£asy>av(max)»  which  is  a  state  parameter,  expresses  the  energy  den¬ 
sity  of  a  capacitor  at  maximum  voltage.  However,  £asy  av(real), which 
is  a  process  parameter,  expresses  the  energy  density  of  a  capacitor 
that  can  be  stored/released  during  charge/discharge  processes. 

3.4.  Power  density  of  asymmetric  capacitor 


tasy  (S)  —  \000Casy,av  (Fg  ^)AVaSy(V) 


x 


1 


1 


jca  (mAg-1)  jba( mAg- 


(14) 


n  MA,i  -h  ocnn^asy,ay( real)  (Whkg  1 

%/,av(real)  (Wkg  )  =  3600  ,  7~t -  (15) 

Easy 

taSy  is  the  discharge  time  of  a  capacitor  and  PaSy,av( real)  is  power 
density  of  a  capacitor.  Eq.  (13)  is  substituted  into  Eq.  (15): 

*Wea,)  (Wkg -1)=^^TTTwf'to  (16) 


4.  Examples 

From  the  above  mathematical  calculation,  it  is  known  that 
capacitor  voltage,  specific  capacitance,  energy  density  and  power 
density  are  functions  of  mass  ratio  of  two  electrodes.  Now  take  some 
examples  from  Table  1  to  illuminate  the  influence  of  mass  ratio 
on  capacitor  parameters.  Meanwhile,  organic  LMO/AC  system  was 
assembled  to  prove  the  above  results  by  comparing  experimental 
results  and  calculation  values. 

4.1.  Capacitor  voltage 

It  can  be  known  that  when  mass  ratio  x  is  smaller  than  capacity 
matching  ratio  xre,  capacitor  voltage  is  proportional  to  mass  ratio 
and  when  it  equals  to  xre,  or  is  bigger  than  xre,  capacitor  voltage 
reaches  a  peak  value  in  Fig.  5(a).  The  capacitor  voltages  of  two 
organic  LMO/AC  systems  are  different  because  charge  cutoff  poten¬ 
tial  of  their  AC  negative  electrode  is  not  the  same.  For  aqueous 
system  in  Fig.  5(a),  its  voltage  is  limited  by  decomposing  poten¬ 
tial  of  aqueous  electro lyte.Capacitors  consisted  of  battery- type  and 
capacitor-type  materials  have  similar  voltage  curves  as  functions 
of  mass  ratio  x  in  Fig.  5(a)  and  (b).  The  organic  AC/graphite  system 
owns  the  highest  voltage  of  all  samples  because  its  graphite  nega¬ 
tive  electrode  has  the  lowest  potential,  so  its  peak  voltage  reaches 
4.35  V,  which  exceeds  a  Li-ion  battery’s  work  voltage. 

For  the  system  PFPT/LTO  in  Fig.  5(b),  Pasquier  and  Laforgue  [11  ] 
designed  two  mass  ratio  x  =  1/2.7  and  1/3.9  and  the  corresponding 
work  voltage  were  3.0  V  and  2.75  V;  the  mass  ratio  x  =  1/2.7  is  big¬ 
ger  than  capacity  matching  ratio  xre.  According  to  Eq.  (6),  its  work 


^  4 

Q) 

CD 

03 

I  3 


-  (a) 

—  organic,  LMO/AC,  AC>1V 

-  organic,  LMO/AC,  AC  >  1.8V 
- aqueous,  LMO/AC 

- 

3.3V 

2.5  V 

// 

// 

1.8V 

1  2 
Mass  Ratio 


(b) 


<D 

CD 

03 

> 


-  organic,  AC/Graphite 

-  organic,  PFPT/LTO 


4.35V 


3V 


1  2 
Mass  Ratio 


Fig.  5.  Voltage  curves  of  various  types  of  asymmetric  capacitors  as  a  function  of  mass 
ratio,  (a)  battery-type  (+)/capacitor-type  (-),  (b)  capacitor-type  (+)/battery-type  (-), 
(c)  capacitor-type  (+)/capacitor-type  (-). 


voltage  is  3  V,  which  accorded  with  actual  value;  the  ratio  x  =  1/3.9 
is  smaller  than  capacity  matching  ratio  xre.  According  to  Eq.  (5),  its 
work  voltage  is  2.82  V,  which  has  the  discrepancy  of  0.07  V  with 
experimental  result  2.75  V,  considering  IR  drop,  charge/discharge 
platform  and  so  on.  It  could  be  considered  that  the  formula  is  in 
coincidence  with  experimental  results. 

Examples  in  Fig.  5(c)  are  aqueous  systems;  they  both  have  lower 
work  voltages.  According  to  Eqs.  (7)  and  (8),  when  mass  ratio  is 
smaller  than  capacity  matching  ratio  xre,  capacitor  voltage  is  in  pro- 
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Fig.  6.  Comparison  of  capacitor  voltage  of  organic  LMO/AC  system  between  calcu¬ 
lation  and  experimental  values. 


portion  to  the  mass  ratio;  when  the  mass  ratio  is  bigger  than  the 
capacity  matching  ratio  xre,  capacitor  voltage  is  in  reverse  propor¬ 
tion  to  mass  ratio  x.  In  Fig.  5(c),  it  can  be  seen  that  when  mass 
ratio  is  equal  to  matching  ratio  xre,  capacitor  voltage  reaches  a  peak 
value. 

With  organic  LMO/AC  system  assembled,  and  experimental 
results  and  calculation  values  compared,  it  can  be  seen  that  in 
Fig.  6  calculation  values  accord  with  experimental  results.  When 
mass  ratio  exceeds  the  capacity  matching  ratio  xre,  capacitor  volt¬ 
age  reaches  the  upper  limit.  AC  electrode’s  potential  could  reach 
0.8  V  and  even  lower  actually,  but  the  cyclic  life  of  capacitor  would 
be  shortened  obviously.  With  the  cyclic  life  of  a  capacitor  consid¬ 
ered,  the  potential  of  AC  electrode  is  in  fact  limited  to  1.8  V,  thus 
resulting  that  capacitor  voltage  reaches  2.5  V. 


4.2.  Specific  capacitance  of  asymmetric  capacitor 

From  Fig.  7(a)  and  (b),  the  trend  can  be  seen  that  the  specific 
capacitance  of  a  capacitor  is  in  proportion  to  its  capacitor-type  elec¬ 
trode’s  specific  capacitance  and  in  inverse  proportion  to  mass  ratio. 
In  Fig.  7(c),  both  the  aqueous  Mn02/AC  system  and  Mn02/Fe304 
system  have  a  maximum  specific  capacitance  (42.4  Fg-1  and 
25.7  F  g-1 )  and  the  corresponding  mass  ratio  x  is  unequal  to  capacity 
matching  ratio  xre.  In  other  words,  the  specific  capacitance  of  this 
type  of  capacitor  will  not  reach  the  peak  value  which  the  system 
can  achieve  intrinsically  at  matching  ratio  xre. 

Flomenko  et  al.  [5]  assembled  the  aqueous  Mn02/AC  system  on 
the  basis  of  capacity  matching.  The  specific  capacitance  was  35  F  g_1 
and  the  calculation  result  is  36.4  F  g_1  on  the  basis  of  Eq.  (10).  With 
Coulombic  efficiency  and  IR  drop  considered,  it  could  be  thought 
that  the  calculation  values  accurately  accorded  with  experimental 
results.  There  is  an  optimal  ratio  which  can  be  gained  by  Eq.  (11) 
because  both  of  its  electrodes  contribute  the  capacitance.  Besides, 
capacitor  voltage  at  the  mass  ratio  can  be  gained  by  Eqs.  (7)  and  (8). 

In  Fig.  8,  it  can  be  seen  that  the  change  tendency  of  specific 
capacitance  of  a  capacitor  with  mass  ratio,  which  was  obtained  in 
experiments,  accords  with  calculation  values.  The  bigger  the  com¬ 
parative  content  of  a  capacitor-type  electrode  is,  the  higher  the 
specific  capacitance  of  a  capacitor  is.  There  is  some  gap  between 
calculations  and  experiment  results  because  the  data  cited  from 
literatures  to  calculate  were  much  bigger  than  those  used  in  this 
experiment  with  LMO/AC  system. 


Fig.  7.  Specific  capacitance  of  various  asymmetric  capacitors,  (a)  battery- type 
(+)/capacitor-type  (-);  (b)  capacitor-type  (+)/battery-type  (-);  (c)  capacitor-type 
(+)/ capacitor-type  (-). 

4.3.  Energy  density  of  asymmetric  capacitor 

The  real  energy  density  Fasy  real  of  organic  LMO/AC  system  at 
capacity  matching  ratio  xre  (AC  potential  >1 V  vs.  Li+/Li)  is  the 
biggest  (115.7  Wh  kg-1 )  in  Fig.  9(a)  because,  firstly,  it  is  organic  sys¬ 
tem  and  secondly,  the  potential  of  AC  electrode  is  lower  than  those 
of  other  electrode  materials;  Easy< reai  and  Easy< max  are  close  to  each 
other  because  the  discharge  ending  voltage  is  closer  to  0.0  V,  e.g. 
0.3  V  (organic  LMO/AC,  AC  potential  >1 V),  0.5  V  (organic  LMO/AC, 
AC  potential  >1.8  V)  and  0.8  V  (aqueous,  LMO/AC).  So  the  electrode 
materials  with  wide  ESWs,  big  gap  between  charge  ending  poten- 
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Fig.  8.  Comparison  of  the  specific  capacitance  of  organic  LMO/AC  system  between 
calculation  and  experiment  values. 

tials  and  small  gap  between  discharge  ending  potentials  should  be 
selected  when  asymmetric  capacitor  was  designed. 

The  positive  electrode  PFPT  is  pseudocapacitive  polymer  [11], 
which  is  similar  to  AC  in  the  terms  of  capacitive  behavior, 
but  the  negative  electrode  LTO’s  platform  is  much  higher  than 
graphite’s  platform.  The  voltage  of  organic  AC/graphite  system 
(4.35  V)  is  much  higher  than  that  of  organic  PFPT/LTO  system 
(3  V).  In  Fig.  9(b),  Easy, max  is  much  higher  than  £asy>reab  such 


as  AC/graphite  (284.7  Wh  kg-1  >  126.4 Wh  kg-1)  and  PHPT/LTO 
(133.4Whkg_1  >74.1  Whkg-1)  because  the  big  difference  of  dis¬ 
charge  ending  potentials  such  as  2.9  V  (AC/graphite)  and  1.9  V 
(PFPT/LTO)  causes  that  much  energy  restored  in  capacitors  can  not 
be  released. 

The  aqueous  systems  in  Fig.  9(c)  both  have  same  discharge 
ending  potentials  between  electrodes,  so  the  cutoff  voltage  is 
0  V;  Easy< real  is  the  same  as  Easy, max,  e.g.  22.3  Wh  kg-1  (aqueous, 
Mn02/AC)  and  10.5  Wh  kg-1  (aqueous,  Mn02/Fe304).  Homenko  et 
al.  [5]  assembled  aqueous  Mn02/AC  system  on  the  basis  of  capac¬ 
ity  matching  and  its  energy  density  Easy> reai  was  21.0  Wh  kg-1  while 
the  calculation  result  is  22.39  Wh  kg-1  on  the  basis  of  Eq.  (13).  With 
Coulombic  efficiency  and  IR  drop  considered,  it  can  be  thought  that 
calculation  values  accurately  accords  with  experimental  results. 

It  can  be  seen  that  the  tendency  of  energy  density  of  a  capaci¬ 
tor  with  mass  ratio  in  Fig.  10,  which  was  obtained  in  experiments, 
accords  with  calculation  values.  The  higher  the  comparative  con¬ 
tent  of  a  capacitor- type  electrode  is  at  mass  ratio  of  x  <xre,  the  lower 
the  energy  density  of  a  capacitor  is.  However,  it  is  opposite  at  mass 
ratio  ofx>xre. 

4.4.  Power  density  of  asymmetric  capacitor 

From  Eq.  (16),  it  is  known  that  power  density  is  in  proportion  to 
the  current  density  and  voltage.  Here  illustrated  is  the  relationship 
between  power  density  and  mass  ratio  under  the  condition  of  small 
current  density.  From  Fig.  11,  it  can  be  seen  that  the  power  density 
could  reach  the  peak  value  at  the  capacity  matching  ratio  xre.  The 


Fig.  9.  Energy  density  of  various  asymmetric  capacitors,  ( - )  Easy, max,  ( — )  Easy, read  (a)  battery-type  (+)/capacitor-type  (-);  (b)  capacitor-type  (+)/battery-type  (-);  (c) 

capacitor-type  (+)/capacitor-type  (-). 
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Mass  Ratio 


Fig.  10.  Comparison  between  calculation  and  experiment  values  of  the  energy  den¬ 
sity  of  organic  LMO/AC  system. 


better  the  rate  capability  of  a  battery-type  electrode  is,  the  bigger 
corresponding  jca  on  the  basis  of  capacity  matching  ratio  xre  is,  the 
higher  the  power  density  of  a  capacitor  is.  From  Fig.  12,  it  can  be 
seen  that  the  tendency  of  power  density  of  a  capacitor  with  mass 
ratio,  which  was  obtained  in  experiments,  accords  with  calcula¬ 
tion  values.  The  higher  the  comparative  content  of  a  capacitor-type 


Mass  Ratio 


Mass  Ratio 


Fig.  12.  Comparison  between  calculation  and  experiment  values  of  power  density. 

electrode  is  at  mass  ratio  of  x<xre,  the  lower  the  energy  density  of 
a  capacitor  is.  However,  it  is  opposite  at  mass  ratio  of  x>xre. 

4.5.  Influence  of  current  density 

In  this  paper,  the  matching  mass  ratio  was  investigated  in  view 
of  potential  matching  in  the  above  paragraphs.  Here,  the  influence 


Mass  Ratio 


Fig.  11.  Power  density  of  various  asymmetric  capacitors,  (a)  battery-type  (+)/ capacitor-type  (-);  (b)  capacitor-type  (+)/battery-type  (-);  (c)  capacitor-type  (+)/capacitor-type 
(-)• 
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Fig.  13.  Capacitor  parameters  of  organic  LMO/AC  system  as  function  of  mass  ratio,  (a)  work  voltage;  (b)  specific  capacitance;  (c)  energy  density;  (d)  power  density. 


of  current  density  is  concretely  discussed.  When  the  current  den¬ 
sity  gradually  increases,  the  capacity  of  a  battery-type  electrode 
declines  correspondingly.  As  a  result,  the  capacity  matching  ratio 
xre  will  increase  according  to  Eq.  (1 ). 

Take  organic  LMO/AC  system  (AC  electrode  potential  >1.0  V  vs. 
Li+/Li)  for  example.  Park  et  al.  [12]  measured  the  specific  capacities 
of  LMO  positive  electrode  from  0.1  C  to  20  C.  These  capacity  data  of 
LMO  with  20%  conductive  agent  are  adopted  in  this  experiment  to 
calculate  and  construct  for  showing  the  influence  of  current  density 
on  capacitor  parameters. 

It  can  be  seen  that  the  content  of  battery-type  electrode 
increases  in  order  to  maintain  the  same  work  voltage  when  cur¬ 
rent  rate  increases  from  Fig.  13(a),  and  the  work  voltage  is  lower 
when  the  current  density  is  bigger  at  the  same  mass  ratio  x  (x<xre). 

Fig.  13(b)  shows  that  specific  capacitance  of  organic  LMO/AC 
system  falls  from  78.3  Fg-1  to  55.1  Fg-1  when  current  rate  rises 
from  0.2  C  to  20  C.  The  specific  capacitance  is  in  inverse  propor¬ 
tion  to  mass  ratio  x  by  Eq.  (14)  and  its  mass  ratio  x  correspondingly 
increases  when  current  rate  increases.  So  the  specific  capacitance 
declines  with  current  density  increasing. 

The  energy  density  is  in  proportion  to  the  specific  capacitance  of 
organic  LMO/AC  system  from  the  above  formula.  The  energy  density 
at  0.2  C  reaches  maximum  ( 118.4  Wh  kg-1)  in  Fig.  13(c)  and  gradu¬ 
ally  declines  when  the  discharge  rate  increases,  to  84.2  Wh  kg-1  at 
20  C. 

The  power  density  is  in  proportion  to  current  density  of  organic 
LMO/AC  system,  which  is  a  function  of  matching  ratio  x.  In  Fig.  13(d), 
the  mass  ratio  increases  gradually  with  discharge  rate  increasing. 


As  a  result  the  power  density  increases  from  17.3  W kg-1  (0.2  C)  to 
1.23  kW  kg-1  (20  C). 


5.  Conclusions 


Mathematical  analysis  shows  as  long  as  the  electrodes’  potential 
range  and  rate  capacities  are  fixed,  the  capacitor  parameters  (work 
voltage,  specific  capacitance,  energy  density  and  power  density)  at 
corresponding  current  rates  can  be  attained. 

For  a  battery-type  |  capacitor- type  capacitor,  its  work  voltage 
reaches  a  peak  value  when  its  mass  ratio  equals  and  exceeds  the 
capacity  matching  ratio  xre;  its  specific  capacitance  is  in  proportion 
to  the  specific  capacitance  of  its  capacitor-type  electrode. 

For  a  capacitor-type  |  capacitor- type  capacitor,  its  work  voltage 
reaches  a  peak  value  at  its  capacity  matching  ratio  xre;  when  its 
mass  ratio  equals  to  mba/mca  =  x/Cca/Cha,  its  specific  capacitance 


can  reach  a  maximum - - - 7  • 

(l/Vc^+l /s/Cta) 

The  energy  density  of  a  capacitor  reaches  a  peak  value  at  capacity 
matching  ratio  xre  as  well  as  power  density.  The  average  energy 
density  of  a  capacitor  becomes  higher  at  the  lower  discharge  cutoff 
voltage. 

For  a  battery-type | capacitor- type  capacitor  such  as  LMO/AC 
system,  its  capacity  matching  ratio  and  power  density  increase, 
while  specific  capacitance  and  energy  density  decline  when 
charge/discharge  current  density  increases.  The  electrochemical 
performances  of  this  type  of  capacitor  depend  on  the  rate  capacity 
of  battery-type  electrode. 
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